The transverse single-spin asymmetry AN observed in high energy proton-proton collisions p ↑ p → πX has been found to increase with the momentum fraction xF of the pion up to the largest measured xF ∼ 0.8, where AN ≃ 40%. We consider the possibility that the asymmetry is due to a non-perturbatively generated spin-flip coupling in soft rescattering on the target proton. We demonstrate using perturbation theory that a non-vanishing asymmetry can be generated through interference between exchanges of even and odd charge conjugation provided both helicity flip and non-flip couplings contribute. Pomeron and odderon exchange can thus explain the energy independence of the asymmetry and predicts that the asymmetry should persist in events with large rapidity gaps.
Introduction
Large single spin asymmetries (SSA) have been observed in polarized hadron scattering p ↑ p → π(p ⊥ )X [1, 2, 3] (as well as in pp → Λ ↑ X [4, 5] ). We consider the possibility that the large and energy independent asymmetries observed up to high values of of the energy fraction carried by the pion (x F ∼ 0.8) arise from pomeron-odderon interference. Previously, this mechanism has been suggested to cause charge and single spin asymmetries in diffractive cc [6] and π + π − [7, 8] photoproduction. A non-vanishing asymmetry arises if the odderon couples via a spin-flip coupling [9, 10] . Such a spin-flip coupling is absent in perturbative calculations, but might be generated non-perturbatively due to QCD vacuum effects. This scenario can be experimentally verified by observing whether the asymmetry persists in events with large rapidity gaps.
The single spin asymmetry A N measures the dependence of the cross section on the spin direction of one particle polarized transverse to the reaction plane,
where the M ↔,{σ} are helicity amplitudes and {σ} represents the helicities of all particles except the polarized one. Thus A N = 0 requires two features which hard scattering amplitudes do not usually possess: a helicity flip and a helicity-dependent phase. In our model, helicity flip is realized using a non-perturbative coupling in soft (Pomeron, Odderon) scattering from the target. An analogous effect has previously been considered in [11] . The helicity-dependent phase arises from interference between pomeron and odderon exchange.
A perturbative model
We study first the SSA mechanism in p ↑ p → π(p ⊥ )X using an abelian gluon exchange model, namely e ↑ µ → e(p ⊥ )γµ where only the momentum of the electron is measured in the final state (Fig. 1) . In QCD, the photon and the electron would be replaced by a gluon and a quark which fragments into a pion. The electronphoton vertex is the hard part which generates the large p ⊥ of the pion. Since the data indicate that A N is independent of the center-of-mass energy, we take the limit E CM → ∞ at a fixed (and large) p ⊥ of the photon emitted from the electron. At leading order in E CM only soft (Coulomb) photon exchange between the projectile (electron) and target (muon) systems contributes. The electron will be referred to as "quark" and the photons as "gluons" in the following.
.
. It is straightforward to verify that in the model described above soft Coulomb rescattering does not contribute to A N : adding multiple Coulomb exchanges to the diagrams of Fig. 1 only gives a helicity independent Coulomb phase that cancels in (1). However, a spin-flip coupling at the rescattering vertex can lead to helicity dependent phases and nonzero asymmetries [9, 10] . Such a coupling is generated perturbatively by a gluon loop correction to the pointlike vertex. However, since the dominant contribution comes from low transverse momenta the formation time τ of the gluon-quark pair in such a loop is long compared to the hard gluon emission required to generate the transverse momentum of the pion (in the target rest frame τ ∼ 1/p ⊥ · s/M p ⊥ where M is the target mass). Hence coherence is lost and the perturbative contribution expected to be supressed. Nevertheless, for soft gluon exchange the coupling may be generated by the non-perturbative, chirality breaking sector of QCD, to which above timing argument does not apply [11] .
We study the Pauli coupling which is defined by replacing
The effective coupling a(q 2 ) in (2) should vanish at large virtualities −q 2 of the gluon when the vertex becomes perturbative. The precise form of a(q 2 ) is not important. We use a(q 2 ) = a 0 exp(−Aq
Our model with spin-flip rescattering is as described above (e ↑ µ → e(p ⊥ )γµ) but with a possibility of having a Pauli coupling at the soft gluon vertex. We fix the frame such that
where p p , p π and q are the incoming quark, outgoing quark (pion) and exchanged soft gluon momenta, respectively (see Fig. 1 ). We drop the small terms which result from spin flips at vertices other than the Pauli vertex by taking the quark mass m to zero. Some of the diagrams needed in the calculation are shown in Fig. 2 . A lengthy calculation gives the asymmetry, which reads for soft rescattering q
. p p π (5) is ∝ p ⊥ in the region where the non-flip amplitudes dominate (a o p ⊥ ≪ 1). The x F and p ⊥ dependencies of (5) arise from the hard gluon emission vertex. The soft Coulomb exchange only affects the proportionality constant: it is given by a ratio of soft integrals and its magnitude depends of the size of the phase between the flip and non-flip amplitudes. The phase turns out to be small since the contributions from the (imaginary) double Coulomb exchange diagrams are smaller than the (real) Born contributions. Hence a rather small asymmetry (A N 5%) is generated.
Asymmetry from pomeron-odderon interference with a helicity flip
We shall now use the ideas of the previous section to build a model with Regge amplitudes for the pomeron and odderon exchange. In this model the dynamical phase is not generated by rescattering but through an interference between the pomeron and odderon exchange amplitudes [6] . If the large asymmetries observed in p ↑ p → πX are to be explained using pomeron-odderon interference, the phase needs to be ∼ 90
• . The pomeron spin-flip amplitudes are observed to be small (see, e.g., [12] ). The odderon may on the other hand have a sizeable spin flip coupling. This would provide the required large phase difference between the spin and nonflip parts of the total amplitude due to the different signatures of the pomeron and odderon.
We use for the pomeron (odderon) exchange amplitudes the Regge form
where the factor i appears only in the odderon amplitude as a consequence of the negative signature of the odderon. For our purposes the t dependencies of α P and α O can be neglected. We also approximate exp(iπα P/O /2) ≃ i as we will have
. . We consider a minimal model with the two diagrams shown in Fig. 3 . For the hard vertex we use the QED Feynman rules, whereas the amplitude of the soft exchange is given by the Regge form (6) . The amplitudes with pomeron exchange become (for q ⊥ ≪ p ⊥ )
where we fixed α P = 1.
The odderon contribution is assumed to flip spin:
where a 0 is the strength of the spin-flip coupling and the phase e iφ is required by the rotational properties of the amplitude (angular momentum conservation). Using α O = α P = 1 and q ⊥ ≪ p ⊥ the resulting asymmetry reads
It increases with x F and with p ⊥ up to p ⊥ ∼ 1/a 0 in accordance with the data. Similarly to (5) the x F and p ⊥ dependencies of (9) arise from the hard vertex. In general, the asymmetry can be found by numerical integration. 
Conclusion
We suggested a novel mechanism to explain the large single spin asymmetry observed in p ↑ p → πX. A pertubative calculation motivated us to consider the possibility that the asymmetry is due to pomeron-odderon interference. A spin-flip odderon coupling provides the helicity-dependent phase which is required for a sizeable single spin asymmetry. Note that if the asymmetry is created via pomeron/odderon exchange it should persist in events with large rapidity gaps. It should be possible to experimentally test this prediction.
